We report extreme cannibalistic behaviour in juveniles (1.5-10 mm) of the rapa whelk, Rapana venosa, when they transition from a phytophagous to a carnivorous feeding habit after metamorphosis, as appropriate food becomes scarce during this stage. Although cannibalism is beneficial for the individual, it can result in a high mortality rate of juvenile R. venosa as a whole, therefore juvenile cannibalism is an important determinant of population size. We observed both hole-drilling and enveloping methods of cannibalism. The inner borehole diameter on prey was positively correlated with shell height of the predator (P < 0.001). A higher cannibalism rate was mainly caused by small body size, high levels of hunger and high juvenile densities. The cannibalism rate was effectively controlled by offering bivalves, such as Ruditapes philippinarum and Argopecten irradians, as food. Our results broaden the understanding of cannibalistic behaviour in gastropods and can be used to develop or improve commercial breeding strategies for R. venosa.
INTRODUCTION
Cannibalism is an intraspecific behaviour in which predation on conspecifics keeps an individual alive in the absence of other suitable food (Fox, 1975) . Cannibalism can be the only means of survival when conditions are otherwise unsuitable and keeps the individual alive (Persson, Bystrom & Wahlstrom, 2000) . It can also maintain viability of populations when threatened by extinction (Henson, 1997) . This behaviour was considered a laboratory artefact; however, it is now acknowledged that cannibalism is a normal behavioural trait in certain animals. Cannibalism occurs in a wide range of terrestrial and aquatic organisms in natural populations (Polis, 1981) , including insects (Kirkpatrick, 1957) , terrestrial mammals (Southwick, 1955) , fish (Manica, 2002) , aquatic arthropods (Wise, 2006) and aquatic molluscs (Paine, 1965) .
Several different types of cannibalism are found in nature. Filial cannibalism is the consumption of offspring, particularly observed in fish (Dewoody et al., 2001) , which may serve as an investment strategy to ensure offspring success in subsequent reproductive cycles (Rohwer, 1978) . Sibling cannibalism (Brante, Fernández & Viard, 2013) ensures that successful newborns will overcome severely limited living conditions and continue to grow and develop. Factor-dependent cannibalism occurs when all individuals share common food and space and is determined by factors such as food, body size, developmental stage, density and sex (Polis, 1981; Claessen, de Roos & Persson, 2000) and this is the type of cannibalism observed in gastropods (Paine, 1965) .
Some marine gastropods, such as naticids (Hutchings & Herbert, 2013) , muricids (Spanier, 1986 ) and vermetids (Strathmann & Strathmann, 2006) , show extreme cannibalistic behaviour. Some authors have speculated that cannibalism by gastropods occurs because they are ineffective predators or when bivalve prey are limited (Carriker, 1951; Stanton & Nelson, 1980) . However, Kitchell et al. (1981) reported that, to obtain maximum energy for the amount of time expended, gastropod prey selection resulted in cannibalism. Kelley (1991) showed that gastropod predators could manipulate their conspecific prey. Food competition, size and density are important factors that can influence the cannibalism rate observed in hole-drilling gastropods (Chattopadhyay et al., 2014) .
Hole-drilling and enveloping are two typical cannibalistic strategies of gastropods and are prevalent in muricids (Dietl, Herbert & Vermeij, 2004) and naticids (Chattopadhyay et al., 2014; Brezina et al., 2016) . Hole-drilling produces predation signatures (boreholes) in the shells of the prey that reflect relevant behavioural characteristics of the predator, such as prey selection, predator species and drilling frequency (Harding et al., 2007) . Hutchings & Herbert (2013) reported that conspecific competition results in incomplete or multiple boreholes and is affected by fighting, prey-stealing and cannibalism. Kitchell et al. (1986) indicated that multiple boreholes can result from prey escaping from a predator. The enveloping predator strategy leaves no signature on shells and is mainly found in muricids. The strong foot of the snail completely envelops the prey and the prey is killed either by digestive juices in the mucus of the predator or by suffocation (Hutchings & Herbert, 2013) .
Rapana venosa (Valenciennes, 1846) is an important economic species in China that accounts for more than 20% of gastropod production (Song et al., 2016) . However, the species suffers severe mortality during the metamorphic and benthic juvenile stages (Pan et al., 2013) . Youssef, Sami & Najoua (2010) reported a high mortality rate (51.57%) of the juvenile muricid Hexaplex trunculus, following widespread cannibalism. Cannibalism is one of the leading causes of juvenile mortality in R. venosa and high rates of cannibalism could potentially threaten the survival of a population. In R. venosa cultured for commercial markets, cannibalism is considered an adverse behaviour that must be controlled to limit economic losses. However, to our knowledge, there have been no studies that have investigated the cannibalistic behaviour exhibited by R. venosa.
The objective of the present study was to explore the cannibalistic behaviour of R. venosa, to identify the most critical factors affecting cannibalism under culture conditions and to develop solutions that will prevent losses in commercial breeding operations. We first observe and describe the cannibalistic behaviour of juvenile R. venosa and the factors that influence this cannibalism. Next, we propose several ways to control cannibalism.
MATERIAL AND METHODS

Larval culture and sample preparation
Adult Rapana venosa broodstock were collected from Laizhou Bay (37°17′7″N, 119°35′10″E) in Shandong Province. Culturing of parental whelks, as well as mating, spawning, hatching and larval rearing were carried out as described by Yang et al. (2007) . Planktonic larvae were cultured in 3 × 6 × 1.2 m cement pools at 24-26°C and at a density of 0.1-0.3 ind./ml. Larvae were fed Isochrysis galbana, Platymonas subcordiformis and Chlorella vulgaris three times daily (at 5.0 × 10 4 cell/ml). The larvae were cultured for 60 ± 5 d until they started to settle and metamorphose. Then they were fed juvenile bivalves to improve the larval metamorphosis rate. The larvae grew into juveniles, which reached 20 mm after an additional 20 ± 2 d of culture. To ensure that the experimental juveniles possessed similar physiology, they were cultured in the laboratory under uniform growing conditions (water temperature 24-26°C and salinity of 29.8−31.7‰ with constant aeration) and fed juvenile Ruditapes philippinarum for 5 d before the cannibalism experiment commenced.
Relationship between predator shell height and inner borehole diameter of prey One hundred healthy juveniles (1.5-20 mm in shell length, SL) were selected and cultured in 2-l beakers without food for 7 d. Water temperature and salinity were maintained at 24-26°C and 29.8-31.7‰, respectively, with constant aeration. Cannibalistic behaviour was observed under a microscope each day. The inner borehole diameter (IBD) of the prey was measured under the microscope and SL of the predator was measured with vernier callipers.
Effect of food, size and density on cannibalism of juveniles of R. venosa Juveniles of R. venosa (1.5-10 mm SL) were cultured in 2-l beakers at a water temperature of 24-26°C and a salinity of 29.8-31.7‰ with constant aeration. Three size groups (2.5 ± 0.5, 4.5 ± 0.5 and 9.5 ± 0.5 mm) of 20 juveniles in each group were starved for 7 d. A control group for each size group was offered food ad libitum (juveniles of R. philippinarum). Four density groups of 5, 15, 25 and 50 ind./l (9.5 ± 0.5 mm SL) were starved for 7 d. Each experiment was replicated five times. Cannibalism and mortality rates were observed under a microscope each day.
The formula to calculate the cannibalism rate (c) was:
Where n is the total number of juveniles of R. venosa, a is the total number of hole-drilled prey and b is the total number of enveloped prey.
Data analyses
The data were tested for normality (Shapiro-Wilk test) and homogeneity (Levene's test). The effect of predator SL on IBD was analysed by Pearson's correlation analysis; a simple linear regression was performed. The effect of food on cannibalism was analysed with a two independent samples t test. The size and density data and the time at which cannibalism first occurred were analysed by one-way ANOVA; Tukey's post-hoc test was performed to identify significant group differences. All statistical computations were carried out with SPSS v. 16.0 software (SPSS Inc., Chicago, IL) and an α = 0.05 was considered significant.
RESULTS
Cannibalistic methods
Cannibalism was common in Rapana venosa and a single individual mainly attacked conspecifics that were smaller or of the same size. Juveniles used either (1) hole-drilling ( Fig. 1A) , in which prey was trapped using the foot, a borehole was drilled with the radula and the proboscis was used to insert digestive juices and to obtain the flesh, or (2) enveloping ( Fig. 1B) , in which cannibalism occurred by enveloping the prey with the foot and then either suffocating it or secreting digestive juices to kill the prey. In either case, R. venosa consumed the prey using the proboscis and radula. Only holedrilling was observed for juveniles with SL < 5 mm, whereas 86.4% hole-drilling and 13.6% enveloping were observed when SL was 5-10 mm. Juvenile predators chose one of four positions (Fig. 2 ) at which to drill boreholes on conspecific prey. Complete boreholes typically occurred on either the edge of the body whorl (EBW; 38.9%) or the centre of the body whorl (CBW; 44.4%). Only 11.1% were distributed on the trailing edge of body whorl (TEBW) and 5.6% on the spire (S). The proportion of site selectivity for different ratios of prey to predator size (A/B, where A = SL prey, B = SL predator) is shown in Table 1 . Most predator juveniles drilled boreholes at sites EBW and CBW when their prey was smaller (0 < A/B ≤1). In contrast, more of them drilled at sites THBW and S when their prey was bigger (1 < A/B ≤2). Multiple and incomplete boreholes (Fig. 3) were also observed (8.7%), but were less site-specific. Incomplete boreholes were smaller and irregularly shaped compared with the complete boreholes.
Relationship between predator SL and IBD on prey
We were interested in determining the size relationship between the predators and their conspecific prey. In general, we were able to obtain the borehole diameter on the prey but less often the size of the cannibal that caused it. Therefore, we established an equation to calculate SL of the predator based on IBD on the prey. IBD was positively correlated with predator SL (r = 0.971, P < 0.001) and the linear regression equation was: IBD = 0.045 SL + 0.106 (F = 528.149, P < 0.001; Fig. 4 ). The incomplete boreholes were not taken into account to calculate this equation. We calculated predator size using this equation when only the IBD of the prey was known and summarized the proportion of cannibalism for different A/B values (Table 2) .
Most juveniles cannibalized smaller or same-sized prey (i.e. A/B ≤ 1), whether by hole-drilling (93.3% of prey were smaller or same-sized) or enveloping (97.3%). However, many of them drilled prey that were only slightly smaller (0.5 < A/B ≤ 1) (57.3%), but enveloped much smaller prey (0 < A/B ≤ 0.5) (69.3%).
We found that juveniles were also able to prey on larger conspecifics, but this was rare (Table 1) .
Effect of food and size on cannibalism
Availability of food affected the rate of R. venosa cannibalism and had different effects on different size-groups (Fig. 5) . Non-fed and fed treatments were highly significantly different in the 2.5 mm size group (t = 4.15, P < 0.01), significantly different in the 4.5 mm size group (t = 3.29, P < 0.05), but not in the 9.5 mm size group (t = 2.14, P = 0.07). Thus a high level of hunger led to a higher cannibalism rate. Some cannibalistic behaviour occurred even in the presence of abundant food, but these instances were uncommon (Fig. 5) . Cannibalism affected the juvenile mortality rate. The mortality rates of juveniles in the non-feeding groups were higher than those in the feeding groups, and mortality rates in the 2.5 and 4.5 mm size groups were higher than those in the 9.5 mm size group.
The effect of size (F = 10.48, P < 0.01) was highly significant in the non-feeding groups (Fig. 5 ), but not in the feeding groups (F = 2.60, P = 0.12). The cannibalism rate of 2.5 mm juveniles was higher than that of 4.5 mm (P < 0.05) and 9.5 mm (P < 0.01) juveniles, but was not significantly different between the 4.5 and 9.5 mm juveniles (P = 0.365). Smaller juveniles were more cannibalistic in the absence of other prey, whereas there was no difference among the size groups when adequate food was offered.
The time at which cannibalism first occurred was significantly different between the non-feeding and feeding groups and among the different size groups (F = 16.01, P < 0.001; Fig. 6 ). Smaller and hungrier juveniles showed cannibalistic behaviour earlier than did the larger and adequately fed juveniles.
Effect of density on cannibalism
The density treatments were significantly different (F = 5.63, P < 0.05), the cannibalism rate increasing with density (Fig. 7) . In the experiment, we found that the non-cannibalism death rate was also related to density; with increasing density, non-cannibalism mortality increased. For example, when the density was 5 ind./l, the cannibalism rate was low (3.3%) and juveniles had a higher survival rate (87%) under non-feeding conditions. In contrast, when the density increased to 50 ind./l, the cannibalism rate was higher (14.67%) and the survival rate lower (70%).
DISCUSSION
Onset of cannibalism
We found that juveniles of Rapana venosa began to exhibit cannibalistic behaviour when the larvae completed metamorphosis and grew into juveniles. Previous studies have reported that larvae begin to settle at shell lengths of 1,180-1,240 μm (Harding, 2006) and 1,250-1,500 μm (Pan et al., 2013) . During metamorphosis, the velum degenerates and the adult shell (teleoconch) begins to grow; as the veliger larva becomes a juvenile its feeding habit changes from phytophagous to carnivorous and it develops a foot, proboscis and radula (Wei et al., 1999; Yang et al., 2007; Pan et al., 2013) all of which provide juveniles with the ability to cannibalize.
Cannibalistic methods
Many species of marine invertebrates and vertebrates exhibit cannibalistic behaviour and adopt a range of cannibalistic methods (Fox, 1975; Polis, 1981) . In gastropods, cannibalism is mainly accomplished by hole-drilling, as seen with muricids and naticids, but there are a few descriptions of muricids using the enveloping method (Kitchell et al., 1981 (Kitchell et al., , 1986 Chattopadhyay et al., 2014) . In this study, we found that juvenile R. venosa mainly utilized holedrilling and less frequently enveloped their prey.
We observed examples of multiple and incomplete boreholes. In this context, some researchers have suggested that drilling gastropods are ineffective or inept predators. Stanton & Nelson (1980) found that gastropods drill all shells, including empty ones. However, Kelley (1988) observed that naticid gastropods first manipulate their conspecific prey. Even when drilling gastropods manipulate their prey, unsuccessful or multiple boreholes do occur. The reasons may be that (1) the prey animals are too large to be manipulated by the predator (Kitchell et al., 1981) ; (2) the prey escapes (Kitchell et al., 1986) or (3) conspecific competition occurs, whereby predation is interrupted by competition from other individuals, the prey is stolen by other individuals, or the predator is cannibalized by another conspecific (Hutchings & Herbert, 2013) . Kelley (1988) reported that complete boreholes showed a close correlation between predator size and prey size, whereas incomplete boreholes did not. Predation by naticids is highly selective with respect to drill-hole site (Kelley, 1991) . Site selectivity apparently increased the probability of successful predation by the juvenile R. venosa. To succeed in predation, the predator should choose a suitable drilling location according to the size and strength of prey. When the predator is larger or the same size as the prey animal, the predator can manipulate the prey before drilling the hole. In that case, drilling at sites EBW and CBW would provide access to a larger piece of foot of the prey and thus more energy. However, when the prey is larger, the predator should rather select a location at which it itself is not vulnerable to attack by the bigger prey (i.e. THBW and S). Based on our results, we conclude that juvenile R. venosa are astute predators that drill holes at four specific positions for maximum efficiency. At the same time, we note that juveniles of R. venosa could be acting as astute prey, capable of taking measures to prevent predation, as implied by the occurrence of multiple and incomplete boreholes. Enveloping may be a more efficient cannibalistic method, as it does not require the expenditure of energy to drill a borehole. For this reason, it should be a more effective predatory strategy that saves energy for growth and development. However, enveloping larger or similarly sized conspecifics may be more dangerous. Cannibalism is a dangerous endeavour because the predator can easily become the prey during the interaction (Dietl & Alexander, 2000) . Enveloping involves attacking the aperture of the prey shell using the foot, but prey can simultaneously attack the predator in this position. Enveloping only accounted for a small proportion of cannibalism by the smallest juvenile R. venosa, because juvenile feet are underdeveloped and may not be strong enough to envelope conspecific prey. However, though dangerous, most juveniles chose to envelope their prey as they grow larger and are able to choose much smaller (0 < A/B ≤ 0.5) and more vulnerable prey. In contrast, drilling is a relatively safe method, chosen by many juveniles for attacking similar-sized prey (0.5 < A/B ≤ 1) because of energetic considerations.
Effect of food supply on cannibalism
Inadequate food supply has been shown to lead to cannibalism in fish larvae in culture environments (Carriker, 1951; Hecht & Appelbaum, 1988; Hecht & Pienaar, 1993) . Spanier (1986) found that cannibalism by muricid snails occurs when bivalve prey are scarce. Gordillo (2013) confirmed that cannibalism intensity increases in the muricid Trophon geversianus when alternative prey is scarce, while no cannibalism occurs when an alternative food source is available. Chattopadhyay et al. (2014) showed that cannibalism by the naticid Natica tigrina increases as the availability of bivalve prey decreases. In contrast, Kitchell et al. (1981) concluded that cannibalism occurred as a result of prey selection for the maximum energy gain, rather than as a result of scarce bivalve prey availability. In the present study, we found that the cannibalism rate of starved juveniles was significantly higher than that of satiated juveniles. However, cannibalism continued to occur even if abundant food was available. We propose that the reason for this was that the juvenile ability to crawl and search for food was underdeveloped, so a juvenile individual would rather hunt for food in its immediate vicinity, where conspecifics might be encountered first. Hunger can bring about cannibalistic tendencies, but it is not necessary to initiate cannibalism in R. venosa, so cannibalism can only be decreased but not eliminated by offering adequate food. We found that juvenile R. philippinarum (<10 mm), which have smaller and thinner shells than adult R. philippinarum, was suitable prey for juvenile R. venosa and, when available, it reduced the cannibalism rate.
Effect of size on cannibalism
In general, larger individuals are more likely to be cannibals than smaller ones (Polis, 1981) . Cannibalistic behaviour is more often exhibited by larger individuals that have gone without food for a long time; an example of this is observed in the spider Pardosa agrestis (Wise, 2006) . The same phenomenon is common in many cannibalistic fish and arthropods (Deangelis, Cox & Coutant, 1980; Smith & Reay, 1991; Lovrich & Sainte-Marie, 1997 ) Chattopadhyay et al. (2014 found that the older, larger individuals of N. tigrina showed a higher cannibalism rate than young individuals. However, in our study, we found that small juveniles of R. venosa were more cannibalistic and that the cannibalism rate was lower for larger-sized juveniles. This situation is similar to that observed in dragonfly and parasitoid larvae, which are more cannibalistic when smaller (Polis, 1981) . The reason may be that different stages of aquatic species differ in their tolerance to starvation; larger individuals tolerate starvation better, whereas smaller individuals must eat more often to survive (Mehner & Wieser, 1994; Bougrier et al., 1995; Hutchings & Herbert, 2013) .
We suggest that to reduce the R. venosa cannibalism rate in culture, steps must be taken during the early juvenile stage as this is the critical period when cannibalism is most likely to occur.
Effect of density on cannibalism
Cannibalism is frequently positively correlated with density (Hecht & Pienaar, 1993) . The dragonfly Lestes nympha and fish Esox lucius in crowded conditions are more cannibalistic even when food is offered (Fox, 1975) and the density of the salamander Ambystoma tigrinum nebulosum is a key factor in determining whether cannibalism will occur (Collins & Cheek, 1983) . Similarly, the cannibalism rate reaches a peak when the density of snow crab is at its highest (Lovrich & Sainte-Marie, 1997) . However, as animal density increases, the cannibalism rate of African catfish first reaches a peak, then decreases; this may be explained by social dominance factors (Hecht & Pienaar, 1993) . In R. venosa, we found that cannibalism rates increased as density increased, as is the case with most cannibalistic organisms. But density is not the determining factor for the occurrence of cannibalism, because even if density is low, cannibalism still happens. Higher animal densities cause a reduction in intraspecific space or territory, which increases the likelihood of an encounter and leads to a higher cannibalism rate. Increased conspecific density results in vulnerable individuals that can be eaten more easily when no other food is available (Polis, 1980 (Polis, , 1981 . At the same time, we found that non-cannibalism death rate was related to density. The reasons were not investigated, but could be related to (1) a lack of food, (2) increased conspecific density resulting in vulnerable individuals, (3) a reduction in intraspecific space, (4) stress caused by cannibalism. It is not related to water quality, because the water was changed every day.
Implications for culture of R. venosa Our study has described the cannibalistic behaviour of juvenile R. venosa and demonstrated that food, size and density are important factors affecting cannibalism rates. Accordingly, we recommend culture practices that can reduce the juvenile cannibalism rate, such as providing enough available food (juveniles of R. philippinarum) at the stage of metamorphosis and early juvenile life and ensuring that the density of juveniles is lower than 5 ind/l. Our future research will test the hypothesis that providing food reduces cannibalism in commercial culture environments. The increased cost per harvested animal resulting from additional feeding will be compared to the cost savings obtained by reducing cannibalism and increasing the number of harvested individuals. This will allow us to determine if additional feeding provides a means for improving R. venosa aquaculture practices.
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